We have obtained correct transcription of the cloned alcohol dehydrogenase (Adh) gene of Drosophila melanogaster after DNA-mediated gene transfer into Drosophila cells in culture. Supercoiled plasmids, each containing various regions of the Adh gene cloned in pBR327, were introduced into Schneider line 2 (SL2) cells by the calcium phosphate-DNA transfection technique. Although these cells do not normally express their endogenous Adh genes, they do express the exogenous genes as shown by primer extension and nuclease S1 analyses of RNA isolated 48 hr after transfection. The resulting alcohol dehydrogenase (ADH) transcripts, both the larval and adult types, have the correct 5' ends and are properly spliced. The transfected cells have also acquired ADH enzyme activity. The levels of enzyme activity and of ADH protein crossreacting material in cells transfected with different Adh plasmids correlate directly with the level of ADH
The alcohol dehydrogenase (Adh) gene of Drosophila melanogaster provides an interesting system for detailed studies of the molecular mechanisms regulating gene expression during development. The Adh gene is active in larvae and adult flies, and the enzyme activity is restricted to certain tissues (1, 2) . Studies of the alcohol dehydrogenase (ADH) transcripts isolated from animals at different developmental stages have provided insights into the developmental regulation of Adh expression (3) . ADH mRNAs isolated from larvae and adult flies differ only in part of their 5'-untranslated regions; the protein-coding and the 3'-untranslated sequences of both mRNAs are identical. Two different "TATA" boxes, the presumptive promoters recognized by RNA polymerase II, have been found 24-25 base pairs (bp) upstream of the larval and adult RNA initiation sites in the Drosophila genome (see Fig. 1 ). Thus, it has been suggested that the Adh gene is transcribed from two different promoters active at different stages during development (3) . Furthermore, in experiments using the P-element-mediated transformation technique (4, 5) the cis-acting sequences necessary for correct developmental expression of Adh have been shown to reside in an 11.8-kilobase (kb) genomic DNA containing the gene itself (2) .
To characterize the functional activity of the Adh promoters and possibly other cis-acting elements and to assay transacting elements important for proper Adh expression, we have introduced cloned Adh genes into the homologous Drosophila cells in culture. Recently, two groups have used calcium phosphate-DNA transfection of cultured Drosophila cells to study the expression of cloned genes. In one study, stable methotrexate-resistant transformants of cultured Drosophila cells were obtained with plasmids that contain a sequence coding for bacterial methotrexate-resistant dihydrofolate reductase under the control of the copia promoter (6) . In the other, recombinant plasmids with the copia or the heat-shock protein promoters driving the expression of bacterial chloramphenicol acetyltransferase were introduced into cultured cells of two Drosophila species (7) . The transient expression assay done 1-2 days later revealed CAT expression that can be regulated by heat shock. We report here that the cloned Adh gene of Drosophila can be transcribed correctly from its own regulatory sequences after the calcium phosphate-DNA transfection into cultured Drosophila cells; this results in functional ADH transcripts and the active ADH enzyme. Recombinant Plasmids. The Drosophila Adh regions were cloned into bacteriophage X and subcloned into pBR327 as described (10) . Plasmid DNA was isolated by the cleared lysate method and was twice purified by CsCl/ethidium bromide equilibrium centrifugation.
MATERIALS AND METHODS
Transfection of Drosophila Cells. The calcium phosphate-DNA transfection technique for introduction of DNA into mammalian cells (11) has been adapted to the Drosophila SL2 cells. pRSV-cat, which carries the Rous sarcoma virus long-terminal-repeat promoter linked to the coding sequence of bacterial chloramphenicol acetyltransferase (a gift from C. Gorman and B. Howard; ref. 12) , was used to optimize transfection conditions for the SL2 cells. The SL2 cells were seeded at a density of 2 x 107 cells per T-75 flask in 10 ml of M3 medium containing 3% fetal calf serum 24 hr before transfection. Supercoiled plasmid DNA (10 ,ug of pRSV-cat or the Adh plasmids) precipitated with calcium phosphate (1 ml), as described by Gorman et al. (13) , was added directly to the the flask. After a 4-hr incubation at 25°C, the DNA mix was removed and fresh medium was added. The cells were harvested 48 hr later; they generally doubled once during this expression period.
RNA Analyses. primer extension analysis in Fig. 3 (lanes 4 and 6) : the 319-base cDNA is obtained when the RNA from young larvae is used as the template, whereas a 372-base cDNA band is obtained when adult RNA is used. Both RNAs coexist in thirdlarval-instar animals, with the larval type predominating (lane 5) . The SL2 cells, on the other hand, do not contain any detectable ADH RNA (lane 7). Nonetheless, 48 hr after being transfected with the Adh plasmids (Fig. 2) , these cells expressed ADH RNAs. When plasmids c and d were transfected, both the larval-and the adult-type ADH RNAs were expressed. These RNAs have been correctly initiated, and the 65-bp intron and the 654-bp adult intron have been correctly spliced out, as judged by the presence of the 319-and 372-base cDNA bands (Fig. 3, lanes 10 and 11) . Transfection with the plasmid lacking the adult promoter region (plasmid b) yields only the larval-type RNA (lane 9). Finally, when the gene template contains a deletion of 17 bp in the 65-bp intron at the 3' A-G splice site (plasmid a), both the larvaland the adult-type RNAs appear to be correctly initiated but still retain the partially deleted intron sequence (lane 8). These conclusions have been confirmed using other probes in the nuclease S1 mapping experiment (data not shown).
The (10) . Adhfn4 adult flies possess only 5-10% of the wild-type RNA levels. We postulated previously that the mutant precursor RNA is less stable and turns over more rapidly than the wild-type ADH RNA (10) .
ADH Transcripts Possess Multiple 3' Ends in Transfected Cells. The 3' RNA ends were mapped by nuclease S1 digestion of total RNA hybridized to a 1043-bp labeled Nci I/Xba I DNA fragment (Fig. 1) . Mature ADH mRNA from young larvae and adult flies have identical 3' sequences (3); thus, the same 396-base nuclease Si-resistant DNA bands are observed (Fig. 4, lanes 7-9) . As we have shown above, SL2 cells in culture do not have any detectable ADH RNA (lane 2). However, after transfection of these cells with the Adh plasmids, ADH RNAs with multiple 3' ends were obtained, as evident from the presence of the 237-, 396-, 650-, and 800-base nuclease Si-resistant DNA fragments (Fig. 4, lanes 3-6) . It is unlikely that these bands are artifacts of the S1 digestions; they were entirely absent when the same amount of the SL2 control RNA was used with the same probe concentration. Furthermore, the RNA preparations had been treated with excess DNase I to destroy any residual transfected DNA templates that might hybridize to the probe under the conditions favoring DNARNA hybrid formation (21) . (Fig. 2) . It is possible that the overall size of the exogenous templates, in addition to specific DNA se- (Fig. 1) under the conditions that promote DNA-RNA but not DNA-DNA hybrid formation. After nuclease S1 digestion, the protected DNA fragments were fractionated on a 5% polyacrylamide/8 M urea gel. The arrows indicate the S1-protected fragments. Lanes: 1, standard size markers; 2, SL2 RNA; 3-6, RNA from cells transfected with plasmid b, a, c, and d, respectively; 7, third-instar-larval RNA; 8, young larval RNA; 9, adult RNA. Two hundred micrograms of RNA was used in lanes 24; 10 pg of RNA was used in lanes 7-9.
quences, affects the 3'-end processing of transcripts of these templates in transient expression assays (see also Discussion). (it) The levels of total ADH transcripts in various transfected cells were estimated from the densitometric scanning of Si-resistant DNA band intensities and the known amounts of RNA in each sample; they are consistent with those determined in the primer extension analysis described above.
Detection of ADH and Its Enzyme Activity in Transfected Cells. We next analyzed the SL2 cells transfected with the various Adh plasmids for the presence of the ADH protein. Fig. 5 shows the protein immunoblot that has been probed with affinity-purified goat anti-ADH antibody. By this immunological detection method, we could detect about 1 ng of purified ADHF (monomer Mr, 27,000; Fig. 5 
DISCUSSION
Using the calcium phosphate-DNA transfection technique, we have introduced into cultured Drosophila cells supercoiled plasmids containing active Adh genes of D. melanogaster. After 48 hr, correct transcription specific to the exogenous Adh promoters resulted in ADH transcripts that were translated into the active ADH enzyme. The levels of ADH protein and enzyme activity parallel the levels of total ADH transcripts. About 0.01-0.02% of soluble cytoplasmic protein is ADH in cells transfected with plasmids containing both the larval and adult promoters (Fig. 2, plasmids c and d, at 10 ,ug of each plasmid per 2 x 107 cells).
Correct RNA 5' ends of both the larval-and the adult-type transcripts and correct and efficient splicing of introns were observed in the transfected cells. Surprisingly, these RNAs can have several different 3' ends, only one of which is identical to the normal 3' end in ADH RNA from larvae and adult flies. Because ADH is present in the cells after transfection, The amount of SL2 protein per assay was 500 .ug; the amount of purified ADHF enzyme was 0.045 ,ug. One unit of activity is defined as 1 nmol of NADH produced in 15 min in a 2.5-ml reaction mixture at 250C with 2-butanol as substrate. FIG. 6 . Predicted sequences at the 3' ends of ADH transcripts from transfected cells. Vertical line denotes putative nucleotides at the 3' ends of ADH RNAs; each corresponds to the sizes of nuclease S1-resistant DNA fragments of Fig. 4 (in parentheses) . The 3' ends of the larval and adult mRNAs (black dot in B) and the putative signal for poly(A) addition (AATA, dashed underlines) were determined previously by S1 analysis and comparison of the cDNA and genomic sequences (3, 20) . The size of the 237-and 397-base nuclease-resistant fragments was accurately measured, but that of the 650-and 800-base fragment was only approximate. The sequences in A, C, and D, representing the predicted 3' ends of the additional ADH RNAs in transfected cells, were identified from the published sequence in the 3' region of the Adh gene noncoding strand (22) . Their regions of homology to sequence in B are underlined with solid lines. The termination codon TAA is boxed. The nucleotide T is designated 1 (nucleotide 1681 in ref. 22 ). The numbers above refer to their positions from the boxed TAA. Arrows indicate one of the few direct repeats in the 3' region of the larval and adult ADH RNAs. some or most of these transcripts must be translatable. We noted the 237-base, nuclease S1-resistant DNA band (Fig.  4) , which indicates the presence of an RNA species shorter than normal at the 3' end. This is the major RNA species in the cells transfected with plasmid d (lane 6), which contain as much or more ADH as cells transfected with plasmid c.
Based on the sizes of the S1-resistant DNA bands (Fig. 4) ,
we have tried to locate the positions of the 3' RNA ends on the genomic DNA sequence. The normal 3' end is shown in Fig. 6B . Homology was noted first between sequences in Fig. 6 A and B. These sequences were then used to locate the ends of the larger transcripts ( Fig. 6 C and D Previously, we used these same plasmids as templates in transcription-competent extracts made from HeLa cells and detected specific but unspliced run-off transcripts that originated from the adult promoter only (3, 10 The question remaining unanswered is why endogenous Adh genes are not expressed in the SL2 cell line when exogenous Adh sequences are. Southern analysis of the SL2 genomic DNA has shown no obvious rearrangements of endogenous gene (data not shown). The SL2 cell line was derived from embryos (8), the developmental stage at which ADH enzyme activity is very low (1) . The endogenous gene may be in a chromatin configuration that does not permit recognition of promoter sequences by transcription factors, or the exogenous genes may be assembled into an active form of chromatin that permits interactions of transcription regulatory factors and the Adh promoter sequences. In any event, SL2 cells contain all the trans-acting factors required for Adh transcription initiation at both the adult and larval promoters.
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